1. Introduction {#S1}
===============

L-lysine is one of the essential amino acids required for human and animal growth. As demand for meat (e.g. poultry, swine, cattle) has grown, so has demand for essential amino acids, especially lysine ([@R16]). Lysine and other amino acids are commonly produced by fermentation using strains of heterotrophic bacteria, such as *Escherichia coli* and *Corynebacterium glutamicum* ([@R6]). *C. glutamicum* has been engineered to produce lysine with a yield of 0.31 g lysine/g sugar. At this yield, current lysine demand (\~1.85 million tons per year) would consume approximately 3% of world sugar production (\~200 million tons per year -- USDA-ERS). For this reason, it is important to consider alternative feedstocks and production strategies for essential amino acids. Direct photosynthetic production of L-lysine is an attractive process because it circumvents the need for harvesting, processing and fermentation of plant-derived sugars, by directly coupling lysine biosynthesis to photosynthesis. Cyanobacteria are attractive photosynthetic organisms for L-lysine production due to the availability of genetic tools, rapid growth rates, halotolerance, and ability to be grown on non-productive land with simple nutrient requirements ([@R38]; [@R39]) or wastestreams ([@R27]). Here, we report successful metabolic engineering strategies for production of L-lysine from a strain of the fast-growing *Synechococcus* sp. strain PCC 7002.

The structure and regulation of amino acid biosynthesis has been well studied and used to design metabolic engineering strategies in various bacteria. For example, a lysine producing *C. glutamicum* strain was rationally designed by overexpressing feedback-resistant enzyme variants that increased flux in relevant anaplerotic and biosynthetic reactions ([@R4]). L-lysine is a part of the aspartate-family of amino acids that also includes L-isoleucine, L-methionine, and L-threonine ([@R26]). The precursors and metabolites in this amino acid family are interconnected to several parts of central metabolism and are homeostatically controlled by several transcriptional and/or post-translational mechanisms ([@R53]). In cyanobacteria, the anaplerotic reaction of phosphoenolpyruvate carboxylase (PEPC) combines PEP with HCO~3~^−^ to generate oxaloacetate ([Fig. 1](#F1){ref-type="fig"}). Oxaloacetate, a component of the modified cyanobacteria TCA cycle ([@R57]), is then converted to L-aspartate by aspartate aminotransferase where it enters the lysine biosynthetic pathway. High levels of L-aspartate negatively affect PEPC activity ([@R37]). L-aspartate is further converted to L-aspartyl-phosphate by aspartate kinase (AK), an enzyme that is subject to feedback inhibition by L-lysine and L-threonine at regulatory subunits. L-aspartyl-phosphate is then converted by aspartate semialdehyde dehydrogenase into L-aspartate semialdehyde. From this branch point, L-aspartate semialdehyde may either be converted into L-homoserine, which is used for biosynthesis of the other members of the aspartate family of amino acids; or into L-2,3 dihydropicolinate by dihydrodipicolinate synthase (DHDPS) in the lysine biosynthetic pathway. Like AK, DHDPS is also subject to feedback regulation by L-lysine and L-threonine. The variant of the lysine biosynthetic pathway in plants and cyanobacteria is distinct in that it uses a L,L-diaminopimelate aminotransferase to convert L-2,3,4,5 tetrahydrodipicolinate to L,L-diaminopimelate as opposed to the dehydrogenase, acetylase, and succinylase pathways found in most other organisms ([@R22]). From L,L-diaminopimelate, subsequent epimerization and decarboxylation reactions are used to ultimately generate L-lysine, which then is then excreted by the transporter, *lysE*, in *C. glutamicum* ([@R25]). A corresponding transporter in *Synechococcus* sp. strain PCC 7002 has not been identified.

Here, we report increased L-lysine excretion in the cyanobacterium *Synechococcu*s sp. strain PCC 7002 (hereafter PCC 7002) with heterologous expression of the amino acid exporter *ybjE* from *Escherichia coli.* We also examined the effects of feedback-resistant AK, DHDPS, and PEPC variants on L-lysine productivity. The best producing strain was cultivated in laboratory photobioreactors to study L-lysine production dynamics during growth to a light-limited stationary phase. We examined the effects of media composition on L-lysine production and cellular growth rates by using nitrate, ammonia, and a N-/P-rich sidestream from a municipal wastewater treatment facility as a nutrient source. Our work demonstrates the potential of engineered photoautotrophic amino acid production in cyanobacteria.

2. Materials and Methods {#S2}
========================

2.1. Reagents and Media {#S3}
-----------------------

Enzymes were purchased from New England Biolabs (Ipswich, MA). Nucleic acid purification materials were purchased from Qiagen (Venlo, Netherlands). Chemicals were purchased from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific (Hampton, NH) unless otherwise specified.

2.2. Strain Construction {#S4}
------------------------

Heterologous genes were integrated onto the chromosome of wild-type PCC 7002 using homologous recombination ([@R12]). Expression cassettes were cloned into *E. coli* plasmids containing 500--1000 bp of homology targeting sequences to one of three PCC 7002 loci SYNPCC7002_A1838, SYNPCC7002_A2542, and/or SYNPCC7002_A2842 ([Table 1](#T1){ref-type="table"}). In these cassettes, genes were placed under control of the P~cLac094~ ([@R29]) or the P~EZtet~ ([@R56]) inducible promoter system. Selection was performed by expression of an antibiotic resistance marker or using the acrylic acid counterselection system ([@R5]). Plasmids were made using Gibson assembly ([@R19]) with regions of homology added in the 5′ end of the primers. The feedback resistant *C. glutamicum dapA* gene (DHDPS) was codon optimized for PCC 7002 expression and chemically synthesized (Invitrogen) ([@R11]). The *ppc* gene (PEPC) was amplified with the primers using *Synechococcus elongatus (strain PCC* 7942) genomic DNA. The site specific mutation in PEPC (N1015G) to remove feedback inhibition were based on ([@R9]). The *lysC* gene (AK) from *Xenorhabdus bovienii (strain SS-2004)* was codon optimized for PCC 7002 expression and chemically synthesized. The site specific mutation in AK (T369I) to remove feedback inhibition made to the original protein sequence was based on ([@R41]). Annotated vector files for the plasmids in [Table 1](#T1){ref-type="table"} are available as [Supplementary Material](#SD1){ref-type="supplementary-material"}.

2.3. Culture Conditions {#S5}
-----------------------

Strains were grown and maintained on Media A^+^ ([@R24]) with 1.5% Bacto-Agar. Strains with antibiotic resistance markers were selected on media with antibiotics (kanamycin, 100 μg/mL; gentamicin, 30 μg/mL) and strains with cassettes introduced in the SYNPCC7002_A1838 (*acsA)* locus were plated on 100 μM acrylic acid. Strains were grown in 250 ml baffled flasks with 50 mL Media A^+^ with 1% CO~2~-enriched air at 150 rpm in a Kuhner ISF1-X orbital shaker. Growth on wastewater-derived nutrients was accomplished as described elsewhere ([@R27]). Briefly, filtrate from the anaerobic digester gravity belt filter (GBF), and effluent from the post-mainstream secondary treatment clarifier (secondary effluent) served as a diluent which was obtained from Nine Springs Wastewater Treatment Plant (Dane County, Wisconsin). To ensure complete nutrient requirements, the GBF media was supplemented with trace metals and vitamin B12 at the concentrations found in Media A^+^, as well as KH~2~PO~4~ at a molar ration of 1:32 soluble reactive phosphorus to bioavailable nitrogen due to the WASSTRIP process employed. GBF was used at a concentration of 12.5% (v/v) in secondary effluent. Temperature was maintained at 37°C or 27°C and light intensity was approximately 200 μmol photons m^−2^s^−1^ via a custom LED panel. Optical density was measured in a Genesys 20 spectrophotometer (Thermo Scientific) in 1-cm cuvette. Unless otherwise noted, 1 mM IPTG was used and/or 10--1000 ng ml^−1^ anhydrous tetracycline was used for induction studies.

2.4. Photobioreactor Cultivation of Synechococcus sp. strain PCC 7002 TK.032 {#S6}
----------------------------------------------------------------------------

A homemade photobioreactor system ([@R10]) was used for these experiments for growth with excess nutrients and CO~2~. The reactor vessels were 1 L Corning wide mouth bottles (10 cm diameter, surface area to volume ratio of 40 m^−1^). Radially averaged irradiance was 350 μmol PAR m^−2^ s^−1^ from cool white fluorescent tubes (4000K color temperature). Three photobioreactors were inoculated with TK.032 to an OD~730~ of 0.05 with a working volume of 930 mL of Media A supplemented with 110 mM NaNO~3~, 1.1 mM FeCl~3~, 5.2 mM KH~2~PO~4~, 100 μg mL^−1^ kanamycin, 1 mM IPTG, and 100 ng mL^−1^ anhydrous tetracycline. The temperature controller was set to maintain the reactors at 37°C. A gas phase containing 5% CO~2~ was introduced at a flow rate of 0.3 L min^−1^ and the system was given 1 hour to equilibrate, at which point the pH was adjusted to 7 by adding 1.7mL of 5 M NaOH. Time zero for the data reported (beginning of linear growth phase) was taken to be 48 hours after inoculation (OD730\~1). Samples were taken approximately every 24 hours after adjusting the reactor volume with sterile MilliQ filtered water to make up for evaporation and the pH and OD~730~ were measured. An OD~730~ to g DW L^−1^ conversion was determined to be 0.26 g DW L^−1^ OD~730~^−1^ by weighing cell pellets washed three times with MilliQ filtered water and then lyophilized. Samples were centrifuged and the supernatant was saved for lysine quantification (stored at −20°C until measurement). Additional KH~2~PO~4~ was added in 5.2mM aliquots on days 2 and 6 (pH fluctuated between 6.7 and 7.2 as KH~2~PO~4~ was added and subsequently consumed).

2.5. Analytical Measurements {#S7}
----------------------------

Samples were withdrawn periodically for biomass and lysine measurements, centrifuged, and the supernatant was stored at −20°C until quantification by HPLC (Shimadzu Co., Columbia, MD, USA) equipped with a quaternary pump, autosampler, vacuum degasser, photodiode array and fluorescence detector. HPLC separations were performed using a Xbridge C18 column (2.1 X 150 mM, 3.5 μm, Waters). The method employed a 20-minute linear gradient starting with 100% Buffer A: \[925 ml of 100 mM Acetate (pH 6.95); 50 ml of HPLC Grade Methanol: 25 ml of HPLC Grade Tetrahydrofuran\] to 100% Buffer B: \[975 ml of HPLC Grade Methanol: 25 ml of HPLC Grade Tetrahydrofuran\] before returning to the initial conditions for 10 mins. The flow rate was 0.400 mL/min, column temperature 40°C, and injection volume 10 μL. Amino acid samples and standards were quantified by comparison with peaks generated by monitoring the fluorescence (Ex 320 nm/Em 450 nm) of known amounts of standards in Media A^+^, after precolumn derivatization with 3 mg/ml o-phthalaldehyde with 3-mercaptopropionic acid in 0.4 M borate buffer.

Linear regression (excluding t~0~) was used to calculate rates of lysine production and growth. Carbon partitioning was calculated assuming 50% carbon by mass ([@R49]). Chlorophyll a measurements were performed via a 100% chilled methanol extraction procedure ([@R34]). Chlorophyll a was calculated via the following equation: Chl~a~ = 16.29 \* A^665^ − 8.54 \* A^652^ ([@R40]).

3. Results {#S8}
==========

3.1. Lysine export is the first barrier to increased flux {#S9}
---------------------------------------------------------

Amino acid biosynthesis is a highly regulated cellular process ([@R50]) and metabolic engineering strategies to increase production depend on by-passing native regulation. For example, expression of the feedback-insensitive DHDPS from *C. glutamicum* has been used to increase the free lysine content of canola seed ([@R17]). Therefore, for our first attempt at increasing lysine production, we integrated a modified DHDPS gene in the ΔSYNPCC7002_A1838 locus under control of the P~cLac094~ induction system ([@R29]), yielding strain AM.183. When this strain was cultured photoautotrophically, we observed a significant growth defect with increasing inducer concentration, as well as intracellular lysine accumulation ([Fig. 2](#F2){ref-type="fig"}). Attempts to integrate other deregulated genes (e.g. PEPC, AK) from the lysine biosynthetic pathway and DHDPS under the control of strong P~cLac~ promoters into wild type PCC 7002 failed to generate viable colonies. Therefore, we speculated that the increased intracellular lysine concentration could result from the lack of a lysine exporter and cause cellular toxicity by feedback inhibition of other amino acid pathways. A prior study indicated that L-lysine could be excreted from PCC 7002 into the media by an endogenous transport system ([@R3]), but homologs to known lysine transporters were not identifiable in the PCC 7002 genome. Our data suggested that if a native lysine efflux system existed it was a potential bottleneck. Therefore, we integrated the *ybjE* (*lysO*) transporter from *E. coli* in the SYNPCC7002_A2842 locus under the P~cLac094~ induction system, yielding strain AM.273. Cultures of AM.273 grew rapidly (no defect relative to WT) and generated a large pool of lysine in the extracellular media. From these experiments, we concluded that PCC7002 requires increased export flux to produce elevated levels of lysine. All subsequent experiments were based off a strain (AM.319) expressing *ybjE* in the SYNPCC7002_A2542 locus under P~clac94.~

3.2. Modifying the flux to the aspartate family of amino acids {#S10}
--------------------------------------------------------------

Having addressed the export barrier, we next explored the impact of known regulatory points in lysine biosynthesis by expressing feedback-resistant variants of key enzymes, AK, DHDPS, and PEPC ([@R11]). Aspartate kinase (AK) plays a central role regulating the biosynthesis of the aspartate family of amino acids ([@R28]). Many natural AK are subject to feedback inhibition by lysine. To circumvent this regulation, AK variants have been engineered to remove this mechanism of control ([@R41]). Here, we integrated a gene encoding a feedback-insensitive variant of AK into the SYNPCC7002_A1838 locus of the base strain (AM.319) under control of the P~EZtet~ induction system (strain TK.032). Attempts to integrate the AK under control of the stronger P~clac94~ induction system were unsuccessful. To commit flux towards lysine and away from the other members of the aspartate family of amino acids, we integrated a feedback insensitive DHDPS into the SYNPCC7002_A2842 locus of AM.319 under the control of the P~EZtet~ induction system to catalyze the conversion of aspartate semialdehyde to L-2,3 dihydropicolinate, generating strain TK.031. Phosphoenolpyruvate carboxylase (PEPC) fixes CO~2~ to generate oxaloacetate used in the modified TCA cycle and as a precursor to amino acids. We integrated PEPC into the SYNPCC7002_A2842 locus under the control of the P~EZtet~ induction system to generate strain TK.036. The PEPC variant was cloned from *Synechococcus elongatus (strain PCC* 7942) and engineered to be feedback insensitive based off a point mutation that improved lysine production by 37% in *C. glutamicum* ([@R9]). Lastly, we assembled a DHDPS and AK overexpression strain by integrating the DHDPS cassette into TK.032 at the SYNPCC7002_A2842 locus to generate strain TK.033. Attempts to make other double and triple mutants failed to fully segregate or generate viable colonies. We cultivated each of these strains photoautotrophically in 250 ml baffled shake flasks under standard laboratory conditions of continuous illumination of 200 μE m^−2^ s^−1^ with 1 % CO~2~ at 37°C to compare growth rates and lysine productivity. Each strain was induced with 1 mM IPTG (to express ybjE) and varying levels of anhydrotetracycline (aTc is used to express enzymes linked to P~EZtet~). Relevant genotypes and performance metrics for strains used in these experiments are shown in [Table 2](#T2){ref-type="table"}.

Induction of the AK in strain TK.032 diminished the linear growth rate relative to the base strain, AM.319 ([Fig 3a](#F3){ref-type="fig"}, [Table 2](#T2){ref-type="table"}), but lysine production rates, titers, and the percentage of fixed carbon directed to lysine increased as the aTc dosage increased from 10 ng ml^−1^ to 1000 ng ml^−1^ ([Fig. 3b](#F3){ref-type="fig"}). Volumetric productivities were much higher in the AK containing strain (TK.032 - 0.010--0.19 mM hr^−1^) than the parent strain (AM.319 - 0.004 mM hr^−1^) and increased with increasing aTc induction of AK. The increased productivity resulted in a 2-fold increase in lysine titer after 93 hrs (1.74 vs 0.78 mM) and a six-fold increase in the fraction of carbon directed to lysine (up to 12%). Given the decrease in growth rate relative to its parent, ALM.319, we were curious if production of lysine altered photosynthetic properties in TK.032. We extracted and measured the chlorophyll *a* content of ALM.319 and TK.032 46 hours post induction. Relative to ALM.319, chlorophyll *a* content was significantly reduced in TK.032 at all induction levels ([Fig. 3c](#F3){ref-type="fig"}). We also tested the effect of Media A^+^ adjusted to a pH of 8.2 or 6.8 on TK.032's lysine production, given pH's effects on lysine transport ([@R25]), however, no difference was found using carbon partitioning as a metric (**Data Not Shown**). These results indicate that AK activity is key node in lysine biosynthesis, full induction with aTc was the optimal level, and lysine productivity impacts cell growth.

Next, we compared overexpression of AK and *ybjE* (strain TK.032) to DHDPS and *ybjE* (strain TK.031) across three inducer concentrations. The linear growth rate of TK.031 was comparable to TK.032 in each culture ([Fig. 4a](#F4){ref-type="fig"}), but lysine production in TK.031 plateaued at 100 ng ml^−1^ aTc at lower levels (productivity: 0.01 mM h^−1^, titer: 1.2 mM, 8% carbon flux) ([Fig. 4b](#F4){ref-type="fig"}, [Table 2](#T2){ref-type="table"}). These data indicated that AK has a stronger influence on lysine flux than DHDPS, but DHDPS also has influence on lysine flux. Therefore, we compared the AK expressing strain (TK.032) to a strain simultaneously expressing AK, and DHDPS (TK.033). In this experiment, there was a notable lag phase with increasing aTc dosage with TK.033 ([Fig. 5a](#F5){ref-type="fig"}), decreasing the linear growth rate from 0.019 g DCW L^−1^ hr^−1^ with 10 ng ml^−1^ aTc to 0.016 g DCW L^−1^ hr^−1^ with 1000 ng ml^−1^. This may be due to the extreme limitation of biosynthetic flux towards the other amino acids in the aspartate superfamily, resulting in a synthetic auxotrophy. In comparison, the linear growth rate for TK.032 with 1000 ng ml^−1^ aTc was 0.020 g DCW L^−1^ hr^−1^ consistent with past trials. Lysine production from strain TK.033 peaked at the maximum aTc concentration (productivity: 0.013 mM hr^−1^; titer: 1 mM; 12% carbon to lysine) but remained inferior to strain TK.032 ([Fig. 5b](#F5){ref-type="fig"}). From these data, we conclude that AK is more important to deregulating lysine flux than DHDPS in *Synechococcus* sp. strain PCC7002.

Last, we compared the effects of the feedback-insensitive PEPC (TK.036) to the deregulated AK (TK.032) on lysine productivity. Attempts to introduce this engineered PEPC in our AK overexpressing strain background were unsuccessful. In contrast, we were able to introduce a PEPC expression cassette in the *ybjE* background (TK.036), but its performance was greatly inferior to TK.032 at all aTc concentrations ([Fig. 6](#F6){ref-type="fig"}). Maximum lysine volumetric productivity for TK.036 was 0.009 mM hr^−1^ which equates to 6% of carbon going to lysine. Despite the greater percentage of carbon fluxed to lysine, the final titer of this strain was less than the AM.319 base. This is mostly due to the significant reduction in growth rate. Given the superior performance of TK.032 over all other genetic backgrounds, we concluded that AK was the most important point of lysine regulation and TK.032 was used for all subsequent experiments.

3.2. Changing Nitrogen Sources {#S11}
------------------------------

A key difference between producing amino acids and other organic acids is the presence of nitrogen ([@R52]). Balancing carbon and N-assimilation flux is complicated by their interconnected metabolic and regulatory pathways ([@R23]). Cyanobacteria growth media is commonly formulated with nitrate that is reduced to ammonia (serving as a sink for excess electrons) prior to assimilation ([@R32]). In contrast, when wild-type PCC 7002 is fed ammonia as a N-source, cells grow slower and display significant chlorosis ([@R27]). This can be overcome by providing an alternative electron sink such as biomass (providing elevated P~CO2~) or production of reduced compounds. For this reason, we hypothesized that a surplus of reducing power created by by-passing nitrate reduction could be used to enhance lysine biosynthesis. Therefore, we compared lysine production from TK.032 grown in media formulated with 24 mM NO~3~ (2x prior studies) to 24 mM NH~4~ ([Fig. 7](#F7){ref-type="fig"}). Due in part to the NH~4~ transporter-induced medium acidification ([@R7]), culture pH was maintained around 8.0 by addition of NaOH. In these conditions, cells grew slower in both elevated N-media formulations nitrate media (0.013 g DCW L^−1^ hr^−1^) with growth on ammonium (0.013 g DCW L^−1^ hr^−1^) slightly reduced from growth on Media A+. The lower growth rate and a reduced fraction of carbon going to lysine (7%) on nitrate media resulted in lower volumetric productivity 0.007 mM hr^−1^. In contrast, cultures grown on ammonium media produced lysine at higher rates (0.020 mM hr^−1^) and sent the largest percentage of carbon to lysine (18%). In addition, these cultures excreted other amino acids (**Data Not Shown**), which suggests that more lysine could be produced if the branch points could be more finely controlled. The difference in growth and productivity with ammonium emphasizes the importance of reducing power in lysine biosynthesis, which had been demonstrated with *C. glutamicum* ([@R4]).

3.3. Lysine Production in Dilute Anaerobic Digestate {#S12}
----------------------------------------------------

Given the cost of fertilizers, it is attractive to consider alternative sources of low-cost nitrogen and phosphate such as anaerobic digestor and/or municipal waste water streams Anaerobic digestion effluent from municipal wastewater has previously been used as a nutrient source for cyanobacterial cultivation and lactate production ([@R21]), but there are many potential toxicants that could limit its widespread adoption. We have previously demonstrated that a physiological adaptation at 27°C is necessary to allow growth of PCC 7002 in filtrate recycled from the gravity belt (GBF) of a local municipal water treatment plant ([@R27]). The GBF provides a nitrogen- (predominantly NH~4~^+^) and phosphate-source. Therefore, we compared growth and lysine production in cultures of TK.032 using diluted GBF or Media A^+^ at 27°C ([Fig. 8](#F8){ref-type="fig"}). In GBF based media, TK.032 grew more slowly (0.014 g DCW L^−1^ hr^−1^) and directed only 3% of carbon to lysine resulting in low titer (0.28 mM) and volumetric productivity 0.003 mM hr^−1^. Interestingly, after induction in Media A^+^ at this temperature, cultures were notably chlorotic, growth ceased, and lysine was not detectable. This growth defect was only apparent upon induction ([Fig. 8c](#F8){ref-type="fig"}) and is likely due to the transporter imposed nitrate limitation at low temperatures ([@R45]). We postulate that this perceived nitrate limitation at low temperatures is circumvented in wastewater based media, due to the high levels of ammonium naturally present.

3.4. Batch Growth and Lysine Production of TK.032 in Photobioreactors {#S13}
---------------------------------------------------------------------

Industrial implementation of cyanobacterial lysine production would likely occur in light- limited batch culture with lower surface to volume ratios than the flasks used in the work described above. To investigate the dynamics of lysine production in such a process, we cultivated TK.032 in homemade laboratory photobioreactors ([@R10]) in Media A supplemented with excess NaNO~3~, KH~2~PO~4~, FeCl~3~, and CO~2~ ([Fig. 9](#F9){ref-type="fig"}). The initial linear growth rate and linear rate of L-lysine production for each reactor was calculated from growth data from the first 76 hours of the linear growth phase. For three biological replicates, the mean linear growth rate of TK.032 was 10(±0.4) mg DW L^−1^ hr^−1^ (S.E.) and the mean linear rate of L-lysine production was 13(±0.5) μM L-lysine hr^−1^. This corresponds to directing 18% of carbon flux to lysine which was comparable to that of TK.032 grown in shake flasks at the same induction level. When the cultures entered stationary phase after 20 days, the biomass concentration was 2.4(±0.1) g DW L^−1^ and the L-lysine titer was 2.7(±0.3) mM L-lysine.

4. Discussion {#S14}
=============

In this project, we successfully engineered the cyanobacterium, *Synechococcus* sp. PCC 7002 to express feedback resistant versions of enzymes in the lysine biosynthetic pathway as a model for photosynthetic production of L-lysine. Simultaneous expression of an engineered aspartate kinase and lysine transporter was sufficient for high productivities, but also led to decreased chlorophyll content. Increasing the reductant supply by using NH~4~^+^, a more reduced nitrogen source relative to NO~3~, gave a twofold increase in productivity. Our highest volumetric productivity for lysine was 0.003 g L^−1^ h^−1^, which is comparable carbon partitioning for PCC 7002 engineered to produce ethanol (0.010 g L^−1^ h^−1^) ([@R15]). However, this pales in comparison to the heterotrophic lysine productivity of 4.0 g L^−1^ h^−1^ achieved with *C. glutamicum* ([@R4]).

Some of the limitations for producing amino acids in photoautotrophic hosts may be due to the relatively small flux of the TCA cycle, which has been demonstrated under numerous growth conditions in ^13^C-MFA studies ([@R51]). The aspartate family of amino acids is intertwined in both catabolic and anabolic processes in the TCA cycle ([@R18]). During photoautotrophic growth, the TCA cycle has been shown to primarily operate as a bifurcated pathway to generate necessary precursor metabolites, oxaloacetate and α-ketoglutarate ([@R48]). Although, several species of cyanobacteria have since been shown to have the enzymatic capacity to operate a closed TCA cycle through bypass reactions ([@R54]; [@R57]). The exact reason for this discrepancy has been highly debated, but it has been proposed to be a result of niche specialization ([@R58]). Researchers have recently modified photoautotrophic flux in the TCA cycle by the introduction of a heterologous GABA shunt, which may be used to extend the plasticity of this metabolic node in future studies ([@R58]).

Tools such as flux balance analysis may also reveal novel metabolic engineering approaches suitable for the constraints of photoautotrophic metabolism ([@R44]). For example, introduction of a pyruvate carboxylase may also increase the metabolic flexibility of the PEP-pyruvate-oxaloacetate node, thereby leading to lead to an increase in precursor supply. While most organisms contain a subset of enzymes to ensure optimal carbon and energy flux at this anaplerotic node, *C. glutamicum* is a noted exception ([@R46]). In lysine producing strains of *C. glutamicum,* flux through the energy consuming C3 rather than the C4 carboxlylation reaction is the predominant anaplerotic route, suggesting a need for increased futile cycling in these conditions ([@R31], [@R30]). The high pyruvate/PEP ratio in PCC 7002 ([@R13]) may make this an attractive option for future work.

Lysine production in TK.032 was met with decreased chlorophyll content per cell ([Fig. 3c](#F3){ref-type="fig"}). Decreased chlorophyll content has previously been seen in tobacco plants engineered to have elevated levels of free lysine ([@R2]). This implies a change in physiology during lysine production. This is contrary to cyanobacteria engineered to export sucrose ([@R14]). This finding may represent the current ceiling in carbon-flux redistribution during photoautotrophic lysine production, due to the limited metabolic flux of the autotrophic TCA cycle, which has been put forth by experimental and computational approaches ([@R8]; [@R36]; [@R47]; [@R55]).

Given our laboratory strain performance in wastewater medium, we can extrapolate to a conservative aerial lysine productivity of \~100 (Winter) - 250 (Summer) g of Lysine/m^2^/year using estimates of aerial biomass productivities from 9.4 (Winter) - 23.5 (Summer) gDCW/m^2^/day in an open pond system with a marine cyanobacterium ([@R35]), and the 3% of carbon flux to lysine in our wastewater production conditions. In comparison, current United States areal productivities are \~775 g of Lysine/m^2^/Year. This figure is based on the mean annual yield of sugar crops in the United States (Michael McConnell, n.d.), assuming a glucose production rate of 6.5 mol/m^2^/Year and the maximum theoretical yield (0.82 mol L-lysine mol^−1^ glucose) for *C. glutamicum* ([@R53]). These figures highlight the areal productivity of cyanobacteria utilizing non-traditional nutrient sources, with the added benefit of wastewater polishing for discharge. That said, to take advantage of this trait, titers must be increased to keep the cost of purification low ([@R20]) and productivities must be increased to reduce the capital costs needed to produce a target amount of amino acid. It is also important to note that these extrapolated productivities do not take into account operating costs associated with purification and extraction ([@R42]) or any spatial variation in the availability of wastewater ([@R43]). The integration of the multitude of '-omics' data into genome scale metabolic models, in particular with isotopically nonstationary metabolic flux analysis in over producer strains ([@R1]), will enable more accurate representations of the flux control of the branch points in non-model organisms, and further development of a photosynthetic chemical platform.
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![(A) Overview of the L-lysine biosynthetic pathway in *Synechococcus* sp. strain PCC 7002. Insert shows a schematic representation of the integration and induction systems of the heterologous genes introduced into the listed genomic loci. Dashed arrows indicate the presence of allosteric regulation of the native enzymes. (B) Verification of chromosomal segregation of heterologous genes. Gels show bands corresponding to PCR products created from colonies of each strain using primers flanking each loci. The length of each expected band is listed in the inset of panel A.](nihms918540f1){#F1}

![(A) Growth and (B) Lysine Production of ALM.183 (DHDPS) and ALM.273 (DHDPS + YbjE) induced with 0, 0.3, or 5 mM IPTG for 48 hrs under continuous illumination (200 μE m^−2^ s^−1^) with 1 % CO~2~ at 37°C. The data shown for intracellular and extracellular lysine are for samples induced with 0.3 mM IPTG. The values represent the mean ± SD of biological triplicates.](nihms918540f2){#F2}

![(A) Growth, (B) Lysine Production, and (C) Chlorophyll a Content of ALM.319 and TK.032. The values represent the mean ± SD of biological triplicates. Experiments were performed with ALM.319 induced with 1 mM IPTG, and TK.032 induced with 10--1000 ng ml^−1^ aTc and 1 mM IPTG under continuous illumination (200 μE m^−2^ s^−1^) with 1 % CO~2~ at 37°C. Chlorophyll a was extracted 46 hrs post induction. Chl a levels in TK.032 with 10, 100, and 1000 ng ml^−1^ aTc were greatly reduced relative to ALM.319 (\*\* represent p-value\<0.05).](nihms918540f3){#F3}

![(A) Growth and (B) Lysine Production of TK.032 and TK.031. The values represent the mean ± SD of biological triplicates. Experiments were performed with TK.031 induced with 10--1000 ng ml^−1^ aTc and 1 mM IPTG, and TK.032 induced with 1000 ng ml^−1^ aTc and 1 mM IPTG under continuous illumination (200 μE m^−2^ s^−1^) with 1 % CO~2~ at 37°C](nihms918540f4){#F4}

![(A) Growth and (B) Lysine Production of TK.032 and TK.033. The values represent the mean ± SD of biological triplicates. Experiments were performed with TK.033 induced with 10--1000 ng ml^−1^ aTc and 1 mM IPTG, and TK.032 induced with 1000 ng ml^−1^ aTc and 1 mM IPTG under continuous illumination (200 μE m^−2^ s^−1^) with 1 % CO~2~ at 37°C](nihms918540f5){#F5}

![(A) Growth and (B) Lysine Production of TK.032 and TK.036. The values represent the mean ± SD of biological triplicates. Experiments were performed with TK.036 induced with 10--1000 ng ml^−1^ aTc and 1 mM IPTG, and TK.032 induced with 1000 ng ml^−1^ aTc and 1 mM IPTG under continuous illumination (200 μE m^−2^ s^−1^) with 1 % CO~2~ at 37°C](nihms918540f6){#F6}

![(A) Growth and (B) Lysine Production of TK.032 with NO~3~ or NH~4~. The values represent the mean ± SD of biological triplicates. Experiments were performed with TK.032 cultivated induced with 100 ng ml^−1^ aTc and 1 mM IPTG under continuous illumination (200 μE m^−2^ s^−1^) with 1 % CO~2~ at 37°C. pH control with 24 mM NH~4~^+^ was maintained at ≈ 8 by manually adjusting with NaOH.](nihms918540f7){#F7}

![(A) Growth and (B) Lysine Production of TK.032 with Dilute Anaerobic Digestate (GBF) or Media A^+^ (C) Effect of Temperature on Growth of ΔA2542 and TK.032 +/− Induction in Media A^+^. The values represent the mean ± SD of biological triplicates. Experiments were performed with TK.032 induced with 1000 ng ml^−1^ aTc and 1 mM IPTG under continuous illumination (200 μE m^−2^ s^−1^) with 1 % CO~2~ at 27°C.](nihms918540f8){#F8}

![Batch growth and lysine production of TK.032 in a light-limited photobioreactor. Time zero was 48 hours after inoculation and induction (100 ng mL^−1^ aTc and 1 mM IPTG) where the cultures were at sufficient cell density to be in linear growth phase. Error bars represent the standard error of the mean of three biological replicates.](nihms918540f9){#F9}

###### 

Plasmids Used in this study

  Name      Expression Cassette                       
  --------- ----------------------------------------- -----------
  pADC181   ΔSYNPCC7002_A2542::P~clac94~-ybjE-aphII   This work
  pTK043    ΔSYNPCC7002_A2842::P~tetO2~-DHDPS-aacC1   This work
  pALM285   ΔSYNPCC7002_A1838::P~tetO2~-AK            This work
  pALM287   ΔSYNPCC7002_A2842::P~tetO2~-PEPC- aacC1   This work

###### 

Overview of lysine producing strains of Synechococcus sp. strain PCC 7002

  Strain                                  Genotype   T (°C)   Media   \[aTc\] (ng ml^−1^)   Linear Growth Rate (±SD) (gDCW L^−1^ h^−1^)   Productivity (±SE) (mmol lysine h^−1^)   %Carbon to Lysine (±SE)   Titer (±SD) (mM lysine)              
  --------------------------------------- ---------- -------- ------- --------------------- --------------------------------------------- ---------------------------------------- ------------------------- ------------------------- ---------- -------------
  AM.319                                  ybjE                        37                    A^+^                                          \-                                       0.027 ± 0.001             0.004 ± 0.002             2 ± 0.8    0.78 ± 0.13
  TK.032                                  ybjE       AK               37                    A^+^                                          10                                       0.021 ± 0.001             0.010 ± 0.001             7 ± 0.8    1.19 ± 0.14
  TK.032                                  ybjE       AK               37                    A^+^                                          100                                      0.025 ± 0.001             0.010 ± 0.002             6 ± 1.2    1.25 ± 0.12
  TK.032                                  ybjE       AK               37                    A^+^                                          1000                                     0.023 ± 0.002             0.019 ± 0.002             12 ± 1.1   1.74 ± 0.12
                                                                                                                                                                                                                                                  
  TK.032                                  ybjE       AK               37                    A^+^                                          1000                                     0.020 ± 0.002             0.021 ± 0.002             15 ± 0.0   1.67 ± 0.15
  TK.031                                  ybjE                DHDPS   37                    A^+^                                          10                                       0.021 ± 0.001             0.007 ± 0.000             5 ± 0.3    0.67 ± 0.05
  TK.031                                  ybjE                DHDPS   37                    A^+^                                          100                                      0.022 ± 0.001             0.012 ± 0.001             8 ± 0.1    1.07 ± 0.16
  TK.031                                  ybjE                DHDPS   37                    A^+^                                          1000                                     0.019 ± 0.001             0.011 ± 0.001             8 ± 0.7    1.15 ± 0.31
  TK.033                                  ybjE       AK       DHDPS   37                    A^+^                                          10                                       0.019 ± 0.001             0.008 ± 0.001             6 ± 0.9    0.80 ± 0.20
  TK.033                                  ybjE       AK       DHDPS   37                    A^+^                                          100                                      0.023 ± 0.001             0.010 ± 0.001             6 ± 0.3    0.80 ± 0.20
  TK.033                                  ybjE       AK       DHDPS   37                    A^+^                                          1000                                     0.016 ± 0.002             0.014 ± 0.002             12 ± 0.1   1.02 ± 0.11
                                                                                                                                                                                                                                                  
  TK.032                                  ybjE       AK               37                    A^+^                                          1000                                     0.018 ± 0.002             0.019 ± 0.003             15 ± 0.1   1.33 ± 0.18
  TK.036                                  ybjE                PEPC    37                    A^+^                                          10                                       0.022 ± 0.002             0.009 ± 0.002             6 ± 0.9    0.61 ± 0.12
  TK.036                                  ybjE                PEPC    37                    A^+^                                          100                                      0.020 ± 0.002             0.009 ± 0.001             6 ± 0.4    0.58 ± 0.03
  TK.036                                  ybjE                PEPC    37                    A^+^                                          1000                                     0.018 ± 0.001             0.008 ± 0.001             5 ± 0.9    0.55 ± 0.03
                                                                                                                                                                                                                                                  
  TK.032                                  ybjE       AK               37                    A^+^ w/24 mM NO~3~                            100                                      0.013 ± 0.001             0.006 ± 0.001             7 ± 0.4    1.14 ± 0.46
  TK.032[a](#TFN3){ref-type="table-fn"}   ybjE       AK               37                    A^+^ w/24 mM NH~4~                            100                                      0.017 ± 0.001             0.020 ± 0.002             18 ± 0.0   3.11 ± 0.22
                                                                                                                                                                                                                                                  
  TK.032[b](#TFN4){ref-type="table-fn"}   ybjE       AK               27                    GBF                                           1000                                     0.014 ± 0.002             0.003 ± 0.000             3 ± 0.3    0.28 ± 0.06
  TK.032                                  ybjE       AK               27                    A^+^                                          1000                                     0                         nd                        nd         nd

**Note:** All experiments done with 1% (v/v) CO~2~ and 200 μmol photons m^−2^s^−1^ and induction with 1 mM IPTG.

Blocked rows report data from experiments run at the same time.

pH was manually adjusted to ≈ 8 using NaOH daily

Gravity Belt Filtrate (GBF) was diluted to 12.5% (v/v) using secondary effluent both obtained from the Nine Springs Wastewater Treatment Plant (Dane County, Wisconsin, USA)

###### Highlights

-   Engineered lysine pathway of Synechococcus sp. strain PCC 7002 for secretion

-   Lysine exporter and deregulated aspartate kinase were the key steps

-   Upwards of 18% of fixed carbon was sent to lysine

-   Gravity belt filtrate from a municipal wastewater plant can be used as a N-source
